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In order to reduce the costs related to corrosion damage in aircraft structures, it is vital to develop new robust, accurate
and reliable damage detection methods. A possible answer to this problem is oﬀered by newly developed nonlinear ultra-
sonic techniques, which monitors the nonlinear elastic wave propagation behaviour introduced by damage, to detect its
presence and location.
In this paper, a new nonlinear time reversal technique is presented for the detection and localization of a scattered zone
(damage) in a multi-material medium. In particular, numerical ﬁndings on a friction stir-welded aluminium plate-like
structure are reported. Damage was introduced in the heat aﬀected zone and modelled using a multi-scale material con-
stitutive model (Preisach–Mayergoyz space).
Studies were conducted for two diﬀerent transducer conﬁgurations. Particular attention was devoted to ﬁnd the opti-
mum time-reversed window to be re-emitted in the structures. The methodology was compared with traditional time-re-
versal acoustics (TRA), showing signiﬁcant improvements. While the traditional TRA was not able to clearly localise
the damage, the developed technique identiﬁed in a clear manner the faulted zone, showing its robustness to locate and
characterize nonlinear sources, in presence of a multi-material medium.
 2006 Elsevier Ltd. All rights reserved.
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Stress corrosion cracking (SCC) is cracking due to a process involving conjoint corrosion and straining of a
metal due to residual or applied stresses (Cottis, 2000). SCC of in-service components has long been major
concern for safety, operation time loss and material maintenance cost in major industries such as chemical
(Rihan et al., 2005), nuclear power (Takaya and Miya, 2005; Yusa et al., 2005), aeronautic (Eliaz et al.,0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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G. Zumpano, M. Meo / International Journal of Solids and Structures 44 (2007) 3666–3684 36672005; Lynch et al., 1995), power (Turnbull et al., 2004), oil (Manfredi and Otegui, 2002; Rogante et al., 2005),
space (Jha et al., 2003), gas distribution (Kim et al., 2004), oﬀ-shore (Leonard, 2003), and water supply (Prak-
ash and Malik, 1999) industry. Moreover, cases of SCC on composites were reported for GFRP composites
(Pauchard et al., 2002) (when exposed to the combined eﬀects of fatigue loading and environmental ageing in
hot and/or wet conditions), and for aluminium-based metal matrix composites (Monticelli et al., 1997). Sev-
eral methodologies in diﬀerent industrial sectors were devised for the detection of corrosion related defects, the
most common are ultrasonic (Silva et al., 2003), Eddy currents (Yusa et al., 2005; Kim et al., 2004), X-ray
(Dunn et al., 2000), acoustic emissions (Kim et al., 2003), and electrochemical methods (Bosch, 2005), etc.
Currently, particular eﬀort of the scientiﬁc community is devoted to the implementation of linear acoustic
methods (Silva et al., 2003; Kim et al., 2003) for structural health monitoring within a predictive maintenance
program. Linear acoustic methods analyze wave speed changes, reﬂections of waves due to damage presence,
and/or amplitude changes to assess the presence and location of structural anomalies. However, a greater sen-
sitivity to damage presence is oﬀered by a promising new class of NDE techniques, based on the monitoring of
material nonlinear elastic wave behaviour (Van Den Abeele et al., 2000; Guyer and Johnson, 1999; Johnson,
1999), proving their eﬀectiveness by detecting early signs of material degradation long before changes on the
linear acoustic properties, become identiﬁable. These novel NDE techniques are based on the concept of non-
linear mesoscopic elasticity (Van Den Abeele et al., 2000; Guyer and Johnson, 1999), which analyse changes in
the material nonlinear elastic wave behaviour due to the presence of damage. This behaviour can manifest in
two main ways:
1. Under resonance conditions, if the excitation is increased, a resonance frequency shift is observed.
2. Exciting a sample simultaneously with continuous waves of two separate frequencies, frequency-mixing
spectral components are generated such as harmonics and sidebands.
These eﬀects are hardly measurable in undamaged materials, but are clearly visible in damaged materials.
The localized damaged portion of the material acts as a multiplier and nonlinear mixer of the excitation fre-
quencies. The monitoring of these phenomena can be an eﬀective method to detect SCC due to their high sen-
sitivity to the presence of structural changes. However, the studies on nonlinear elastic wave spectroscopy
(NEWS) do not give any information on damage location (Van Den Abeele and De Visscher, 2000; Cam-
pos-Pozuelo and Gallego-Jua´rez, 2003; Van Den Abeele et al., 1999; Van Den Abeele et al., 2001a; Van
Den Abeele et al., 2001b; Meo and Zumpano, 2005). In this paper, a new damage location imaging technique
based on time-reversed mirror (TRM) is proposed.
Time reversal has been used in acoustics to exploit its ability to backpropagate the acoustic energy to a
scattering target or a source. Time reversal has been demonstrated to hold for linear acoustics in a reciprocal
medium (Fink et al., 1989a; Jackson and Dowling, 1991; Fink, 1992), with inhomogeneous medium, multiple
paths and presence of scatterers (Derode et al., 1995). Typically, time reversal consists in sending a signal in a
medium, collecting the acoustic wave that scatters from a target, time reverse this signal, and then ‘‘retro-
focus’’ it onto the target. However, the presence of damaged areas (presence of absorption, nonlinear atten-
uation, etc.) degrade the performance of retrofocused time-reversal systems (Dowling and Jackson, 1992;
Dowling, 1993; Thomas and Fink, 1996) resulting in a loss of focusing ability with a broadening of the focal
spot and a reduction of the peak pressure at the focus. A new technique called nonlinear elastic wave self-fo-
cusing (NEWSF) was investigated in this paper to detect the presence and location of stress corrosion cracking
in a friction stir-welded plate. The method was also compared to classical time reversal acoustics, showing the
robustness of the proposed method and its capability to clearly detect the damage location for the case
investigated.
2. Material nonlinear elastic wave behaviour
Experimental evidences (Van Den Abeele et al., 2000; Guyer and Johnson, 1999; Johnson, 1999; Van Den
Abeele and De Visscher, 2000; Campos-Pozuelo and Gallego-Jua´rez, 2003; Van Den Abeele et al., 1999; Van
Den Abeele et al., 2001a; Van Den Abeele et al., 2001b; Meo and Zumpano, 2005) showed that classical non-
linear models (Landau and Lifshitz, 1959) cannot explain the nonlinear behaviour generated by local nonlin-
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behaviour can be given by the nonlinear mesoscopic elastic material model, which contains terms that describe
classical nonlinearity, as well as hysteresis, and discrete memory (Van Den Abeele et al., 2000; Guyer and
Johnson, 1999; Johnson, 1999). This is possible by adding to the nonlinear classical stress–strain relationship,
a stress dependence on strain time derivative (Van Den Abeele et al., 2000; Guyer and Johnson, 1999; John-
son, 1999; Van Den Abeele and De Visscher, 2000; Campos-Pozuelo and Gallego-Jua´rez, 2003; Van Den Abe-
ele et al., 1999; Van Den Abeele et al., 2001a; Van Den Abeele et al., 2001b; Meo and Zumpano, 2005)r ¼
Z
Eðe; _eÞde ð1Þwhere E is the nonlinear and hysteretic modulus given byEðe; _eÞ ¼ E0f1 be de2  a½Deþ eðtÞsignð_eÞ þ   g ð2Þ
where E0 is the linear modulus, De is the strain amplitude change over the last period, b and d classical non-
linear coeﬃcients, and a material hysteresis measure. It is worth mentioning that Eq. (2) is valid for signals
having one pair of extrema per period, i.e., unipolar waves. Experimental and numerical evidences (Van
Den Abeele et al., 2000; Guyer and Johnson, 1999; Johnson, 1999; Van Den Abeele and De Visscher,
2000; Campos-Pozuelo and Gallego-Jua´rez, 2003; Van Den Abeele et al., 1999; Van Den Abeele et al.,
2001a; Van Den Abeele et al., 2001b; Meo and Zumpano, 2005) showed that:
(1) The 3rd harmonic is quadratic with the fundamental amplitude for a purely hysteretic material and cubic
according to classical nonlinear theory.
(2) A second-order sideband f2 ± 2f1, generated by a bi-tone excitation (f1 and f2) has amplitude proportion-
al to aA1A2 for a purely hysteretic material, in contrast with an amplitude dependence proportional to
Cðb; dÞA21A2 for a classical nonlinear material, where C is a constant function of b and d.
(3) For a classical nonlinear material, the ﬁrst order sideband (f2 ± f1) amplitude is linear with the excitation
amplitudes bA1A2.
Due to the inadequacy of classical nonlinear material models to reproduce the behaviour of microcracked
damaged materials, a new material constitutive model, based on Presaich and Mayergoyz (PM) space, capable
of accurately describing the nonlinear, discrete memory, and hysteretic behavior of such materials, was
implemented in the house FE code.
3. Presaich and Mayergoyz space
Non-classical nonlinear elastic material behavior (hysteresis and material memory) can be described by a
nonlinear mesoscopic elastic material model such as the Preisach–Mayergoyz (PM) (McCall and Guyer,
1994; McCall et al., 1996). With this approach, the macroscopic behavior of damaged materials is described
by the contribution of a number of mesoscopic material cells (1–10 mm), which are composed of a statistical
collection of microscopic units (1–100 lm) with varying properties deﬁning their stress–strain relation. The
strain of these microscopic units is a combination of a classical nonlinear state relation (elastic component
contribution), and a non-classical addition due to hysteretic eﬀects (interface binding contribution). In partic-
ular, the strain component of hysteretic mesoscopic elastic unity (HMEU) can be thought as the strain of a
micro-crack when subject to an external pressure that produces its closing and opening. This two stage behav-
ior is highlighted in Fig. 1a in case of no classical nonlinear elastic behavior contribution.
The pressure-displacement of microcracks is characterised by a rectangular loop deﬁned by two couples of
parameters: the two equilibrium lengths (lo, lc) and a pair of pressure (Pc, Po) with PcP Po. According to the
rectangular loop (Fig. 1a), the equilibrium length of the interface binding remains constant (‘o) until the pres-
sure load equals the closing pressure Pc (‘c), therefore, the only length changes of the HMEU are those of its
elastic component. For pressure loads above the closing pressure Pc, once again, the only length changes are
those of the HMEU elastic component. Then, decreasing the pressure load P, the HMEU length changes are
only due to the HMEU elastic component until the pressure P reaches the opening pressure Po, where the
Fig. 1. (a) Behaviour of HMEU; (b) example of PM-space.
G. Zumpano, M. Meo / International Journal of Solids and Structures 44 (2007) 3666–3684 3669HMEU interface binding elongates to ‘o, and remains constant until the pressure is reversed and increases to
Pc. The HMEU distribution of a material is represented in a stress–stress space (Pc, Po), commonly termed
‘‘PM-space’’. This representation is deﬁned analytically by specifying its density distribution l(Pc, Po) (see
Fig. 1b for a Gaussian distribution). The PM space representation of real materials can be derived using quasi-
static measurements of the material strain according to speciﬁcally designed protocol loads (McCall and
Guyer, 1994; McCall et al., 1996). From the HMEU properties above described and their PM space distribu-
tion, it is clear that the actual number of HMEUs closing or opening, at every instant, depends on the previous
load history of the material and on the sign of the applied pressure DP. Once the number of the HMEU units
closed is known, the non-classical correction K1 of the classical nonlinear elastic modulus K can be evaluated
as follows:1
K1
¼  1
LðP Þ
LðP þ DPÞ  LðP Þ
DP
; P ! P þ DP
1
K1
¼  1
LðP Þ
LðPÞ  LðP  DP Þ
DP ; P ! P  DP
ð3Þwhere P is the applied pressure and the term L(P) (Eq. (4)) is the length of the specimenLðP Þ ¼ ncðP Þ  lc þ ðN  ncðP ÞÞ  lo
LðP þ DP Þ ¼ ncðP þ DP Þ  lc þ ðN  ncðP þ DP ÞÞ  lo
LðP  DP Þ ¼ ncðP  DP Þ  lc þ ðN  ncðP  DP ÞÞ  lo
ð4Þwhere N is the total number of HMEU, nc(P) is the number of HMEU closed when the pressure is P, and lc
and lo are the equilibrium lengths of HMEU. Therefore, considering only the contribution of the HMEU to
the material deformation, the strain generated by a stress P is given by the following expression:e ¼ L0  LðP Þ
L0
ð5Þwhere L0 is the initial length of specimen. For example, if the load history represented in Fig. 2a is applied to
the material described in Fig. 1b, the resulting stress–strain curve is shown in Fig. 2b.
4. Nonlinear FE code
The material constitutive law, described above, was implemented in our in-house FE code to simulate the
presence of damage in structures. Because the material stress–strain behavior is nonlinear the equation of
motion for a FE discretised structure can be written as:
Fig. 2. (a) Load protocol. (b) Stress–strain curve.
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½M  ¼
X
e
Z
V e
q½N T½N dV ; ½D ¼
X
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Z
V e
jd½N T½N dV
½Kn ¼
X
e
Z
V e
q½BT½En½BdV
ð6Þwhere [M] and [D] are, respectively, the mass and damping matrix of the structure, [K]n is the stiﬀness matrix at
the nth time step, [E]n is the stress strain matrix for the ﬁnite element e at the nth time step, {d}n is the dis-
placement vector at the nth time step, {Rext}n is the external force vector at the nth time step, [N] is the matrix
of shape functions, [B] is the strain displacement matrix, jd is the material damping parameter for the ﬁnite
element e, q is material density, Ve is the element volume. Therefore, according to the FE problem described
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mulation, the stiﬀness contribution into the equation of motion can be rewritten as the sum of a linear elastic
term and a nonlinear perturbation force {Rint}n½Knfdgn ¼ ½K linfdgn þ fRintgn ð7Þ
where a ﬁnite element contribution to the nonlinear perturbation force is evaluated asfRinte gn ¼
Z
V e
½BTfDrgn dV
fDrgn ¼ ð½En  ½ElinÞfeegn
ð8Þwith [E]lin material linear elastic stress–strain matrix and {ee}n element strain vector evaluated at the time step
n. The evaluation of the stress–strain matrix at the nth time step ([E]n) consists in a three step process that, in
this paper, was illustrated for a 2D plane strain case for an anisotropic material. The ﬁrst step consists in the
evaluation of the strain vectorfegn ¼ ½Bfdgn  feing ð9Þ
with {ein}n pre-strain and/or thermal strain contribution. In the second step, the stress contribution for each
coeﬃcient of the stress strain matrix is evaluated:r11 ¼Q11e11; r12 ¼ Q12e22; r22 ¼ Q22e22; r66 ¼ Q66e12
½En1 ¼
Q11 Q12 0
Q12 Q22 0
0 0 Q66
2
64
3
75; feegn ¼
e11
e22
e12
8><
>:
9>=
>; ð10Þwhere [E]n1 is the stress strain matrix for the ﬁnite element e at the (n1)th time step. In the last step, the four
independent coeﬃcients of [E]n are evaluated by inputting their stress contributions rij in their respective PM
spaces together with their previous load histories. As results of such procedure, the FE equation of motion
assumes the following shape½M f€dgn þ ½Df _dgn þ ½K linfdgn ¼ fRextgn  fRintgn ð11Þ
The Newmark time integration scheme together with a conjugate gradient solver was used to solve Eq. (11)
(Konhke, 2001; Bathe, 1982; Cook et al., 1989).5. Time reversal mirrors
Time reversal mirror (TRM) (Fink, 1999; Fink et al., 2000; Wu et al., 1992; Fink et al., 1989b; Chakroun
et al., 1995) is based on the concept of optical phase-conjugate mirrors (PCM) (Pepper, 1982; Bunkin et al.,
1986), where monochromatic signals are substituted by large bandwidth pulses in order to obtain high focus-
ing properties. Basically, TRM is an array of transmit-receiver transducers, capable of emitting a broadband
pulse and, then, recording the arrival of incident waves, reverse it and, ﬁnally, re-emit it (last in, ﬁrst out).
TRM major advantage, compared (Wu et al., 1992; Fink et al., 1989b; Chakroun et al., 1995) to PCM, is
the possibility to select any time window of the recorded signals. This ability gives the possibility to work with
many reﬂective targets by concentrating on one target per time. Moreover, the time reversal process can be
iterated in order to focus on the most reﬂective target or to increase the identiﬁably of the most faint one.
The selection of the time window to reverse into the structure is identiﬁed by the localisation of inhomo-
geneity (defect) into the structure dynamic response between the pulse echo of the nearest structure edge and
the pulse echo of the furthest structure edge.
Although, TRM was used quite successively for non-destructive testing (NDT) (Chakroun et al., 1995) is
clear that the traditional transducer array conﬁguration is capable of highlighting defects only through struc-
ture thickness and, therefore, complete inspections of large structure can be carried out only using a series of
3672 G. Zumpano, M. Meo / International Journal of Solids and Structures 44 (2007) 3666–3684scans, similarly to a C scan approach. Therefore, the authors proposed a new imaging technique with alter-
native transducer conﬁgurations and an optimum time signal window to reverse was also analysed.
6. Nonlinear elastic wave time reversal mirror
The temporal approach of traditional TRM was an important breakthrough with respect to the PCM, how-
ever, no indications for a reliable and eﬃcient way for the selection of the time window to reverse, in case of
damage presence, was found in literature. The present work aims to set-up a clear procedure to detect damage
presence through an optimum selection of the time window signal to reverse. In order to sort out the above
highlighted TRM issues, two improvements were carried out to the methodology. The ﬁrst advancement con-
sisted in to place the transmitter array directly on the structure so as that a large portion of the structure can
be inspected with just one scan, because perturbation waves, generated by the transducer array, travels in any
direction through the structure and, so, information on damage presence, location, and severity can be
obtained. Moreover, larger perturbation energy can be introduced in the structure, since there is no need
of a coupling medium, which introduces additional damping and dispersion. With such conﬁguration, cheaper
transducers can be used such as piezoelectric patches and micro ﬁber composites (MFC). Drawback of this
new transducer conﬁguration is an increase of scattering phenomena due to the diﬃculty in generating unidi-
rectional perturbation waves, although, studies in this direction have been carried out with good results (Hay
and Rose, 2002; Viktorov, 1967). However, in this paper, the generation of perturbation waves was supposed
to be bidirectional.Fig. 3. Proposed NEWTRM: (a) Damage (target) far from structure boundary; (b) damage (target) next to structure boundaries.
NEWTRM output: (c) damage (target) far from structure boundary; (d) damage (target) next to structure boundaries.
G. Zumpano, M. Meo / International Journal of Solids and Structures 44 (2007) 3666–3684 3673The second improvement to the TRM exploited the non-classical nonlinear material behaviour (§2) intro-
duced by damage presence for the selection of the optimum time window to reverse. The presence of damage
introduces in the dynamic structure response high order harmonics of the excitation pulse central frequency,
which otherwise would be negligible or totally absent for the undamaged structure. Therefore, only the reﬂect-
ed or refracted waves by the damage can have this high frequency energy content (Fig. 3). The 3rd harmonic
was selected because it is the lowest harmonic predicted by all nonlinear material models, therefore, it has a
larger energy content of higher order harmonics (Meo and Zumpano, 2005). Consequently, ﬁltering the
recorded time signals with a pass band frequency ﬁlter centred at the third harmonic of the excitation pulse
central frequency, the arrival of the ﬁrst wave packet reﬂected by the defect is highlighted and the time optimal
time window to reverse is identiﬁed.
This solution not only exempliﬁes the selection of the time window to reverse, but also allows the user to
identify structural defects next or on the structure boundaries (Fig. 3b), which reﬂected perturbation waves
would enclose. By re-emitting the Reversed time window signal (RTW) in the damaged structure, the structure
dynamic response focus on the damage location and, therefore, the TRM output 3D plot shows coming waves
centred on the damage location (Fig. 3c and d).
Concluding, the proposed nonlinear elastic wave time reversal mirror (NEWTRM) consists in:
(1) The illumination of a structural defect through a pulse excitation carried out by a transducer array
attached to the structure under investigation.
(2) The selection of the time window to reverse, which is achieved by a pass band ﬁlter centred on the 3rd
harmonic of the central frequency of the excitation pulse.
(3) The reversed emission of the time window selected and the acquisition of the structure dynamic response,
which allows the damage localisation knowing the perturbation wave propagation speed.
Another possibility arises if a validated undamaged FE model of the structure is available: the damage
location can be identiﬁed by reversing the selected time window on it. As result of the numerical TRM on
the undamaged structure, the discrepancies introduced by the damage presence in the RTW self-focus on
its location.7. Case study
In this work, a friction stir-welded plate (Fig. 4) composed by two aluminium alloy plates (AA7075–T7351
and AA6056), 0.35 m long, 0.4 m wide and 5 mm thick, joined by 20 mm of weld (Bala Srinivasan et al., 2005)
(Table 1), was analyzed.
According to experimental evidences (Bala Srinivasan et al., 2005), SCC tends to locate at welding interfac-
es. Therefore, the SCC area was located at the welding interface (Fig. 4, 20 mm long and 8 mm wide) and sim-
ulated using a PM space model with uniform HMEU distribution l(Pc, Po) = 1 between +/5 MPa and l(Pc,
Po) = 0 everywhere else, for a maximum strain a = 0.001. Data relative to the characterization of PM spaces
for aluminum alloys were retrieved by analogue studies present in literature (Van Den Abeele et al., 2003,
2004). Because of the lack of information on the nature of the tensorial hysteresis, the damage introducedFig. 4. Transducers conﬁgurations: (a) 1st conﬁguration; (b) 2nd conﬁguration.
Table 1
Material properties
Material Density [kg/m3] Elastic modulus [GPa]
AA7075–T7351 2700 72.0
AA6056 2700 68.4
Weld 2700 65.0
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Therefore, the PM space for all the plane directions was assumed to be the same.
Two diﬀerent transducer conﬁgurations were analyzed as shown in Fig. 4: the sensor array was located on
either the actuator line (at one forth of the welded plate length Fig. 4a) or symmetric to it sensors (at three
forth of the welded plate length Fig. 4b).
The pulse excitation was assumed to be as follows:PressureðtÞ ¼ A sinð2pftÞe
ðtt0Þ2
2p2
A ¼ 2 MPa; f ¼ 100 kHz; p ¼ 0:25
f
; t0 ¼ 3p
ð12ÞThe element size eL (13) of the FE model used is given by the ratio between the pulse wavelength WL and the
number of elements, NoEWL, used to describe iteL ¼ W Lðf Þ
NoEWL
¼ 0:063 m
25
¼ 0:00252 m ﬃ 2:5 mm ð13ÞFor wavelength WL (14) is meant the space traveled by a pressure wave P oscillating with a frequency f(pulse
central frequency) with a wave speed cmax. Where cmax (15) is the maximum P wave speed, in the structure
under investigation (AA7075–T7351) (Cook et al., 1989).W Lðf Þ ¼ cmaxf ¼
6286 m
s
100 kHz
¼ 0:063 m ð14Þ
cmax ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Eð1 mÞ
qð1þ mÞð1 2mÞ
s
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
72 GPað1 0:33Þ
2700 kgm3ð1þ 0:33Þð1 0:66Þ
s
¼ 6286 m
s
ð15ÞFinally, the time integration step dt, used for the carried out investigations, was estimated as the time em-
ployed by the quickest P wave (cmax) to cross a ﬁnite element (eL), times a safe factor SFdt ¼ SF eLcmax ¼ 0:25
0:0025 m
6286 m
s
¼ 9:94  108 s ð16Þ8. Results
To show the improvement of nonlinear elastic wave time reversal mirror (NEWTRM) with respect to the
traditional TRM, two diﬀerent approaches were used to detect and localize the introduced SCC using both
conﬁgurations described in Fig. 4. First stage of the comparison was the reversed time window (RTW) selec-
tion, then, the re-emission output were compared and, ﬁnally, the SCC localization capabilities were observed
using the damage self-focusing approach. Before analyzing the results, it must be said that the eﬀect of the
welds on the wave propagation, as wave scattering source, was almost unnoticeable because of three main
factors: (1) material properties were very close, the largest diﬀerence in terms of elastic modules was close
to 10% of the AA7075–T7351, (2) The pulse wavelength (WL = 6.3 cm) was larger than twice the weld width,
(3) due to damage presence in the structure, large changes of the elastic modulus in the damaged area may be
experienced as those illustrated in Fig. 5 evaluated for a 200 kPa amplitude pulse (Eq. (12)) for the considered
case.
Fig. 5. Nonlinear elastic modulus (PM-Space).
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The RTW selection methodology of both techniques was illustrated in §6, where the TRM selection
approach was based on the identiﬁcation of the presence of wave packets reﬂected by the damage between
the main pulse and its echo reﬂected by the structure furthest boundary from the sensor line. Instead, the
NEWTRM exploited the damage nonlinearity response to univocally identify the damage presence by using
a pass band ﬁlter centred on the 3rd harmonic of the pulse central frequency.8.1.1. 1st conﬁguration
The ﬁrst transducer conﬁguration (Fig. 6), with a defect approximately positioned at half length of the
welded plate, is one of the worst scenario, because of the waves reﬂected by the damage overlap with waves
reﬂected by the left boundary (Figs. 7a and 8a). As result, an inexpert user might be brought to consider, as
reﬂected pulse by the damage, the reﬂected pulse mirrored back by the left plate edge (Figs. 7a and 9a), leading
to a wrong defect localization. Therefore, in some case the wave reﬂected by the damage cannot be easily iden-
tiﬁed. On the other hand, the solution oﬀered by the NEWTRM RTW selection gets rid of any possible mis-
interpretation of the recorded signals by highlighting their nonlinear elastic content introduced by the damage
presence (Figs. 7b and 9b). Consequently, the linear contributions to the structure dynamic response is ﬁltered
out, leaving only nonlinear elastic waves reﬂected/refracted by the defect, which curvature is focused at theSensors 
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Fig. 9. 1st conﬁguration – Damage reﬂected pulse mirrored back by the Left plate edge: (a) TRM; (b) NEWTRM.
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RTW should contain the damaged reﬂected pulse (Fig. 8). In this study, all three wave group arrivals high-
lighted in Figs. 7 and 10 were re-emitted in the structure, in order to ﬁnd the optimum time-reversed window.8.1.2. 2nd conﬁguration
The 2nd transducer conﬁguration (Fig. 11) encloses the SCC defect, since the sensors are opposite to the
actuators with respect to the defect position, therefore, the main damage reﬂected pulse does not exist as in
the previous case. This means that the discrepancies introduced by the damage presence are hidden into
the pulse (pulse arrival in Fig. 12a) as it can be clearly seen in Fig. 13a. Therefore, once again there is no mean
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Fig. 10. 1st conﬁguration – Right plate edge reﬂected pulse: (a) TRM; (b) NEWTRM.
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Fig. 11. 2nd conﬁguration. Time-space localisation of wave packet arrivals at sensor locations.
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arrival wave. On the contrary, the NEWTRM RTW selection highlights the fault presence by eliminating the
linear dynamic response of the welded plate by using a pass-band ﬁlter. As for the 1st conﬁguration, although
the ﬁrst wave arrival should be the most suitable for structure re-emission, because of its larger amplitude, the
three ﬁrst wave arrivals were re-emitted in the welded plate.
8.2. Re-emission of time-reversed signal
The chosen time window signal was reversed and re-emitted into the structure using the sensor array as an
actuator array and, then, acquiring the structure dynamic responses at the sensor array. This process should
allow a clear identiﬁcation of damage location.10-4
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Fig. 13. 2nd conﬁguration – pulse arrival: (a) TRM; (b) NEWTRM.
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The three wave packet arrivals identiﬁed at the sensor locations, shown in Fig. 7, were time-reversed and
inputted back into the structure in order to establish which RTW gave the clearest indication of damage pres-
ence and location. When the ﬁrst wave packet (left plate edge reﬂected pulse + damage reﬂected pulse, Fig. 8)
was re-emitted in the structure through the sensor array, not only the damage (see red oval in Fig. 14a), but
also, the pulse on the actuator array location (Fig. 14a) was refocused, hiding almost the damaged refocused
wave. On the contrary, by reversing only the 3rd harmonic (according to NEWTRM procedure, Fig. 8b) of
the selected RTW (Fig. 8a), only the damage is refocused and, therefore, a clear damage localisation is
obtainable (Figs. 14b and 15).
By reversing the damage reﬂected pulse mirrored back by the left plate edge, the traditional TRM was not
capable of highlighting any damage. In contrast, the NEWTRM reversion (Fig. 16) brought into light the
presence of damage, though, the eye (biconvex) shape of the incoming wave showed the overlap between
the 3rd harmonic damage refocused wave and the 3rd harmonic RTW reﬂected by the left plate edge. Con-
sequently, the accuracy of the predicted damage location might be increased. For the last RTW selected in
Fig. 7 (the right plate edge reﬂected pulse, Fig. 10), the pulse and the damage-induced signal distortions cannot
be separated using the TRM approach (Fig. 17a). Therefore, the damage discrepancy refocused wave resulted
partially overlapped with the RTW mirrored back by the left plate (Fig. 17a). A similar behaviour was
observed reversing the 3rd harmonic of the selected RTW, though, the damage discrepancy refocused wave
is clearly observable (Fig. 17a) and the front of the wave packet is clearly focused on the damage location.8.2.2. 2nd conﬁguration
For the second transducer conﬁguration (Fig. 4b), the damage reﬂected pulse is not refocused, as for the
ﬁrst TRW selected for the 1st transducer conﬁguration, but in this case, the damage introduced discrepancy10-5
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Fig. 14. 1st conﬁguration – reversed time signal: (a) TRM; (b) NEWTRM. (For interpretation of the references to color in the text, the
reader is referred to the web version of this paper.)
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the excitation pulse and the damage discrepancy are refocused at the same time, causing a reduced visibility of
the damage refocused wave. On the contrary, the NEWTRM refocused wave is composed only by the 3rd har-
monic due to damage presence (Fig. 13b), allowing a simpler damage localisation (Fig. 18b). By reverting the
other two RTW highlighted in Fig. 12a using TRM, a similar behaviour to that recorded in Fig. 18a was
observed and, therefore, they are not reported. Instead, if their 3rd harmonics are reversed (Fig. 12b,
NEWTRM), a damage refocusing was observed in both cases (Fig. 19). However, a discontinuous wave front
was observed (Fig. 19) seemingly to a destructive diﬀraction phenomenon (two optical waves of opposite
phase meet).
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Fig. 18. 2nd conﬁguration – time-reversed main pulse waves: (a) TRM; (b) NEWTRM.
10-5
Sensor Location [m]
Reversed Time Window
Sensor Location [m]
Damage Refocused wave
Ti
m
e 
[se
c]
0.05 0.1
1
2
3
4
5
6
7
8
0.15 0.2 0.25 0.350.3 0.05 0.1 0.15 0.2 0.25 0.350.3
a b
Fig. 19. 2nd conﬁguration – NEWTRM time-reversed main pulse: (a) reversed right plate edge pulse; (b) reversed left plate edge pulse.
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Damage self-focusing consists in the re-emission of a RTW in a validated FE model of the undamaged
structure. As result, the damage-induced signal distortions in the recorded signal will focus into the damage
locations. Using the TRM process, the damage focusing phenomena overlap with the main focusing pulse
(Figs. a20–23a), determining a loss of clarity and the need of a re-iteration of the TRM process to separate
the excitation pulse from the damage generated waves. However, a clear refocusing to the damage location
was obtained using the proposed NEWTRM TRWs (Figs. 20b, 21, 22, and 23b). The best damage refocusing
was obtained by the ﬁrst selected RTW for both transducer conﬁgurations, since the related waves did not
undergo any boundary reﬂection (Figs. 20b and 22b) and, therefore, the entire wave packet generated by
the damage presence converges in the damage location as in a funnel and, then, diverges in its way out.
The remaining two RTWs (Figs. 21b and 23b), used for damage self-focusing, showed the previous highlighted
behaviour for the bulk of the reversed wave train, but leaving evident signs of their diﬀerent propagation
paths. By comparing the two transducer conﬁguration results, no apparent diﬀerence could be spotted, since
the introduced damage lies almost at the centre of the plate and, therefore, the travelling paths of the reversed
wave trains were almost identical.9. Discussions
The TRM methodology based on NEWS presented in this paper diﬀers from previous applications (Sutin
and Johnson, 2004; Ulrich et al., 2006) exploiting nonlinear elastic responses of structural defects in several
points. The NEWTRM re-emits a time-reversed signal previously ﬁltered around the third harmonic of the
excitation central frequency (highlighting the time distortion due to the damage presence) in the acquired loca-
Time steps= Time steps= a b
Fig. 20. 1st transducer conﬁguration – comparison of damage focusing by reversing left plate edge reﬂected pulse + damage reﬂected
pulse: (a) TRM; (b) NEWTRM.
Time steps= Time steps= a b
Fig. 21. 1st transducer conﬁguration – comparison of damage focusing by reversing right plate edge reﬂected pulse: (a) TRM; (b)
NEWTRM.
Time steps= Time steps= a b
Fig. 22. 2nd transducer conﬁguration – comparison of damage focusing by reversing the ‘‘Pulse arrival’’ wave: (a) TRM; (b) NEWTRM.
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versed signal in the excitation source, but acquired on the opposite face of the structure. Moreover, these pro-
posed nonlinear TRM are based on the observation that the amplitude second harmonic or ﬁrst sideband of
the time signal acquired after re-emission of the time-reversed signal is larger on the surface above the damage
location. Therefore, the localization of the damage is dictated by the number of points used to scan the struc-
Time steps= Time steps= a b
Fig. 23. 2nd transducer conﬁguration – comparison of damage focusing by reversing the right plate edge reﬂected pulse: (a) TRM; (b)
NEWTRM.
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on the structure by measuring the time arrivals of the nonlinear elastic response of the structure due to the
damage presence and, potentially, the number of sensors/actuators employed can be reduced to two by using
ray-tracing algorithm techniques (Zumpano and Meo, 2005).
By re-emitting the time-reversed signal, the dynamic response of the structure focuses at the location of the
damage, giving larger amplitude at the sensor locations, deployed in front of the damage location (Figs. 14b
and 16), decreasing rapidly (especially if compared with the behaviour recorded before re-emission, see Figs.
8–10) with the distance from damage axis projection on the sensor array line, making easier the identiﬁcation
of the damage location.
Finally, a further improvement of the NEWTRM can be obtained by coupling it to a space-temporal cor-
relation technique (Dominguez et al., 2005), which will reduce shadowing eﬀects of multi-damage locations
and increase the longitudinal resolution of the damage locations.
10. Conclusions
In this paper, a new nonlinear time reversal technique is presented for the detection and localization of
stress corrosion cracking damage in a friction stir-welded aluminium plate-like structure. The corroded area
was placed in the heat aﬀected zone and modelled using a multi-scale material constitutive model (Preisach–
Mayergoyz space).
A new nonlinear damage detection imaging technique based on time-reversal acoustics was developed.
Compared to the traditional TRM, the newly developed time-reversal method takes into account the non-clas-
sical nonlinear material behaviour introduced by the cracked area. In particular, the presence of damage intro-
duces in the dynamic structure response high order harmonics of the excitation pulse central frequency.
Then, studies were conducted to select the optimum time window signal to reverse and to re-emit in the
structures. Subsequently, the selected time signals was ﬁltered with a pass band frequency ﬁlter centred at
the third harmonic of the excitation pulse central frequency and re-emitted in the structure to have an ‘image’
of the faulted zone. The 3rd harmonic was selected because of its larger energy content.
The methodology was compared with traditional time-reversal acoustics (TRA) showing signiﬁcant
improvements. While the traditional TRA was not able to clearly localise the damage, the developed technique
identiﬁed in a clear manner the faulted zone showing its robustness to detect and locate nonlinear sources in
presence of diﬀerent materials.
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